The behavior of the terrestrial carbon cycle under historical and future climate change is examined using the University of Victoria Earth System Climate Model, now coupled to a dynamic terrestrial vegetation and global carbon cycle model. When forced by historical emissions of CO 2 from fossil fuels and land-use change, the coupled climate-carbon cycle model accurately reproduces historical atmospheric CO 2 trends, as well as terrestrial and oceanic uptake for the past two decades. Under six twenty-first-century CO 2 emissions scenarios, both terrestrial and oceanic carbon sinks continue to increase, though terrestrial uptake slows in the latter half of the century. Climate-carbon cycle feedbacks are isolated by comparing a coupled model run with a run where climate and the carbon cycle are uncoupled. The modeled positive feedback between the carbon cycle and climate is found to be relatively small, resulting in an increase in simulated CO 2 of 60 ppmv at the year 2100. Including non-CO 2 greenhouse gas forcing and increasing the model's climate sensitivity increase the effect of this feedback to 140 ppmv. The UVic model does not, however, simulate a switch from a terrestrial carbon sink to a source during the twenty-first century, as earlier studies have suggested. This can be explained by a lack of substantial reductions in simulated vegetation productivity due to climate changes.
Introduction
The behavior of the terrestrial carbon cycle under changing atmospheric carbon dioxide levels and climate remains a key area of uncertainty in our understanding of the global climate system. Atmospheric CO 2 has increased by about 90 ppmv in the last two centuries, but this increase represents less than half of the total anthropogenic release of carbon dioxide since the beginning of the industrial revolution, the remainder having been sequestered by the oceans and the land biosphere (Prentice et al. 2001) . To understand this pattern of atmospheric accumulation, we must understand how terrestrial and oceanic carbon sinks absorb anthropogenic carbon, and the extent to which carbon sinks will persist under continued emissions of greenhouse gases.
Despite this imperative, estimates of terrestrial CO 2 uptake for the last several decades are very poorly constrained. Bolin et al. (2000) , in the Intergovernmental Panel on Climate Change (IPCC) special report on land use, land-use change, and forestry, indicated that terrestrial carbon uptake was in the range of 0.6 to 3.2 GtC yr Ϫ1 for the 1980s and 1.0 to 3.6 GtC yr Ϫ1 for the 1990s. These numbers have recently been updated by House et al. (2003) , whose study reported that terrestrial carbon uptake was in the range of 0.3 to 4.0 GtC yr Ϫ1 and 1.6 to 4.8 GtC yr Ϫ1 for the 1980s and 1990s, respectively. The modifications reported in House et al. (2003) were based on improved estimates of ocean carbon uptake from measured oxygen fluxes Plattner et al. 2002) , as well as updated estimates of the net emissions of carbon from anthropogenic land-use change (Houghton 2003a) . It is notable that despite extensive research over the past several years, the uncertainty range on estimates of terrestrial carbon uptake has not narrowed.
One of the primary challenges in the investigation of the terrestrial carbon cycle is the difficulty obtaining direct observational estimates of terrestrial carbon uptake. Forest inventory studies and measurements of carbon fluxes using the eddy covariance method are useful for estimating changes in terrestrial carbon stores for individual forest plots, but there are considerable challenges both in the accuracy of these methods and in their ability to be extrapolated to continental or global scales (Adams and Piovesan 2002; Houghton 2003b) . Analysis of atmospheric O 2 trends Plattner et al. 2002) , inverse modeling of atmospheric carbon fluxes using atmospheric transport models (Bousquet et al. 2000; Gurney et al. 2002) , and analysis of ice core CO 2 records (Joos et al. 1999; Trudinger et al. 2002) are useful in partitioning anthropogenic carbon uptake between oceanic and terrestrial sinks. However, these methods can only shed light on the net terrestrial flux-emissions of carbon from landuse change must still be accounted for to obtain an estimate of the actual terrestrial carbon uptake. The values for terrestrial uptake reported by both Bolin et al. (2000) and House et al. (2003) , while generally consistent with observational results, were nevertheless obtained by calculating a residual terrestrial sink based on the difference between estimates of anthropogenic carbon emissions from fossil fuels and land-use change, measured increases in atmospheric carbon dioxide, and model and observationally based estimates of ocean uptake. As all of these components of the global carbon balance have considerable uncertainty associated with them, it is not surprising that the uncertainty on estimates of the residual terrestrial carbon sink is also large.
Another area of uncertainty is the mechanism behind the observed terrestrial carbon sink. It is thought that terrestrial carbon uptake is due to some combination of several processes: fertilization of plant growth by increased atmospheric CO 2 and by deposition of anthropogenic nitrogen; changes in climatic constraints on vegetation growth; and regrowth of forests in previously harvested areas (Schimel et al. 2001; Malhi et al. 2002; Adams and Piovesan 2002; Houghton 2003b; Nemani et al. 2003) . There is considerable debate about the relative magnitude of these effects, and it is not clear to what extent the mechanisms behind the terrestrial carbon sink will persist into the future. Comparisons of process-based terrestrial ecosystem models have generally found the terrestrial carbon sink to be consistent with the effect of CO 2 fertilization on plant growth (Cramer et al. 2001; McGuire et al. 2001) , though there is conflicting experimental evidence to suggest that increases in plant photosynthesis may be limited by nutrient availability (Oren et al. 2001) or by other constraints on plant growth (see reviews by Adams and Piovesan 2002; Malhi et al. 2002; Karnosky 2003) . However, these conclusions are based on shortterm exposure of plants to fixed elevated CO 2 in a controlled experimental setup. The response of diverse terrestrial ecosystems to continually increasing atmospheric CO 2 levels over decades to centuries is very difficult to assess experimentally and remains an open question.
There is even less information available on the potential for feedbacks between climate and the carbon cycle. It is quite possible that changes in temperature and precipitation could affect the ability of carbon sinks to take up anthropogenic carbon over the coming century. As climatically induced changes in terrestrial or oceanic carbon fluxes would have a direct effect on atmospheric accumulation of carbon dioxide, this would constitute an important and as yet poorly quantified climate feedback. In particular, there is evidence that increased soil temperatures may increase terrestrial carbon decomposition in the soil through increased heterotrophic respiration by soil microbes. Increased heterotrophic respiration would create a positive feedback to climate, resulting from an increased flux of carbon from the soil to the atmosphere and a correspondingly reduced terrestrial carbon sink (Cox et al. 2000; Cramer et al. 2001; Friedlingstein et al. 2001; Dufresne et al. 2002; Melillo et al. 2002) .
Global climate models have only recently incorporated the functionality necessary to study the carbon cycle response to climate change through the inclusion of interactive carbon cycle models. This has allowed for a fully coupled investigation of the sustainability of terrestrial carbon uptake over the coming century, as well as the nature of possible feedbacks between climate and the carbon cycle. To date, two general circulation climate models have been used to simulate the future behavior of the carbon cycle, and the results thus far have yielded dramatically different projections of the future of the terrestrial carbon sink. Cox et al. (2000) were the first to publish results from a general circulation climate model coupled to a carbon cycle model [Third Hadley Centre Coupled Atmosphere Carbon General Circulation Model with Interactive Carbon Cycle (HadCM3C)]. In their study, the Hadley Centre model was forced from 1850 to present by observed emissions of CO 2 and non-CO 2 greenhouse gas increases and then by the IPCC emissions scenario IS92a through the twenty-first century. This simulation revealed a dramatic positive feedback to climate resulting from large releases of soil carbon under climate warming, as well as a significant dieback of South American tropical forests and consequent flux of carbon to the atmosphere. Terrestrial carbon uptake decreased throughout the simulation, and the land biosphere became a carbon source around the year 2050.
A similar study was carried out by Friedlingstein et al. (2001) and Dufresne et al. (2002) using the Institut Pierre Simon Laplace Coupled Atmosphere-OceanVegetation Model (IPSL-CM2) model forced by CO 2 emissions from 1850 to 2100. This study supported the notion of a positive feedback to climate from the carbon cycle but found the magnitude of the feedback to be much less than that seen in Cox et al. (2000) . While terrestrial uptake in the twenty-first century was reduced in this simulation, the IPSL model did not reproduce the terrestrial carbon sink-to-source transition seen in Cox et al. (2000) . Dufresne et al. (2002) did not include dynamic vegetation in their study and so could not be expected to reproduce the dramatic changes in vegetation cover seen by Cox et al. (2000) . They contend, however, that the main difference between the two studies lies in the response of the soil carbon pool to climate change.
The differences between these two model runs were the focus of a subsequent paper by Friedlingstein et al. (2003) . The authors identified three key factors that could influence the magnitude of climate-carbon cycle feedbacks. The first was the model's climate sensitivity: a higher climate sensitivity implies more simulated warming for a given increase in atmospheric CO 2 , which would lead to a stronger climatic impact on the carbon cycle. Second, the response of ocean circulation to climate change, and hence the geochemical uptake of anthropogenic carbon, differed considerably between models. Third, the response of soil and vegetation carbon uptake to climate change was highly model dependant. Friedlingstein et al. (2003) analyzed these processes and determined that the differences in model climate sensitivities, ocean circulation responses, and terrestrial vegetation dynamics were of secondary importance to the extent to which soil carbon pools in the two models were affected by climate warming.
In this paper, we present evidence that suggests instead that the regional magnitude and character of model-simulated climate change over the twenty-first century may have a dominant impact on the resultant feedbacks between the terrestrial carbon cycle and climate. We use a new version of the University of Victoria (UVic) Earth System Climate Model (ESCM; Weaver et al. 2001) , now coupled to a dynamic terrestrial vegetation and carbon cycle model, as well as an inorganic ocean carbon cycle component. The UVic model is a global climate model of intermediate complexity and as such allows for multiple transient model runs under a range of climate scenarios. Repeated simulations can also be carried out to assess the sensitivity of climate feedbacks to key processes and parameters in the model. In addition, the terrestrial component of this model is taken from that used in HadCM3C-this allows for an assessment of the extent to which the large positive feedbacks seen in Cox et al. (2000) can be reproduced using a different climate model.
With this new tool, we investigate the role of the terrestrial biosphere in moderating and responding to recent and future scenarios of climate change. The UVic ESCM and carbon cycle components are described in section 2; the experimental setup is described in section 3. Section 4a presents the results of model runs of the twentieth century, validating them against available observations. Section 4b focuses on the twenty-first century, demonstrating the model response to six CO 2 emissions scenarios. We discuss simulated atmospheric CO 2 and temperature trends, as well as changes in terrestrial and ocean carbon sinks. We then focus on the magnitude of terrestrial carbon cycle feedbacks to climate and present the results of a sensitivity study to assess the importance of key model processes in determining the strength of the feedback.
Model description
The UVic ESCM is an intermediate complexity global climate model, described in detail in Weaver et al. (2001) and Matthews et al. (2004) . The ocean component of the model is version 2.2 of the Geophysical Fluid Dynamics Laboratory (GFDL) Modular Ocean Model (Pacanowski 1995) , an ocean general circulation model with 19 vertical levels. Sea ice is represented by a dynamic/thermodynamic model, as described in Bitz et al. (2001) . The atmosphere is a vertically integrated energy/moisture balance model comprised of a single atmospheric layer that captures the climatic mean state in the absence of atmospheric variability. Surface wind stress as well as vertically integrated atmospheric winds used for advection of moisture are specified from National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data (Kalnay et al. 1996) . Carbon dioxide radiative forcing is applied in the model through a decrease in outgoing longwave radiation, parameterized as
where C (t) is the atmospheric CO 2 concentration at time t, and F 0 is a constant that determines the strength of CO 2 forcing in the model (Ramanathan et al. 1987 ).
The coupled model has a resolution of 3.6°in longitude and 1.8°in latitude and conserves both energy and water to machine precision without the use of flux adjustments (Weaver et al. 2001 ).
The dynamic terrestrial vegetation model is the Hadley Centre's Top-Down Representation of Interactive Foliage and Flora Including Dynamics (TRIFFID) model . TRIFFID has been coupled interactively with the UVic ESCM [as described in Meissner et al. (2003) ] and explicitly models five plant functional types: broadleaf trees, needleleaf trees, C 3 grasses, C 4 grasses, and shrubs. The five vegetation types are represented as a fractional coverage of each grid cell and compete amongst each other for dominance as a function of the model-simulated climate. Croplands in TRIFFID can be specified by allocating a portion of grid cells where only grass plant functional types are allowed to grow. This excludes tree plant functional types, which would otherwise out-compete grasses given a favorable climate regime.
The land surface model used to support the TRIFFID dynamic vegetation model is a single soil-layer version of the Met Office Surface Exchange Scheme (MOSES), based on that described in Cox et al. (1999) . The version of MOSES used here calculates soil moisture, soil, and surface temperatures and lying snow based on a single soil layer model of uniform 1-m thickness and is described in detail in Meissner et al. (2003) . The five vegetation types simulated by TRIFFID are recognized by this model, in addition to bare soil.
In addition to simulating vegetation distributions, MOSES and TRIFFID calculate terrestrial carbon stores and fluxes. Carbon taken up by plant growth is defined as the gross primary productivity (GPP) and is calculated as a function of atmospheric carbon dioxide, solar radiation, soil moisture, temperature, and nutrients. Nitrogen does impose a limit on photosynthesis, though the terrestrial nitrogen cycle is not currently included as a dynamic component of the model. Autotrophic plant respiration releases a portion of the carbon taken up by GPP back to the atmosphere, with the balance of carbon making up the vegetation net primary productivity (NPP). The photosynthesis model used here is based on the leaf-level photosynthesis models for C 3 and C 4 plants of Collatz et al. (1991 Collatz et al. ( , 1992 ; in this approach, photosynthesis calculations are coupled with the calculation of moisture fluxes through plant stomata. The resulting carbon fluxes, calculated as a function of changing atmospheric carbon dioxide and climate conditions, determine the distribution of vegetation in the model and the response of vegetation to climate changes.
Carbon is transferred to the soil through litterfall and vegetation mortality, and its decay results in a return of accumulated carbon to the atmosphere. This heterotrophic soil respiration (R H ) is calculated as a function of climatic conditions (temperature and soil moisture) and soil carbon stores (C s ):
In this formulation, R* H is the specific soil respiration rate (set to a constant value per unit soil carbon) at 25°C and optimal soil moisture, and F(T s ) and F(⌽) are functions that modify the specific soil respiration rate based on soil temperature (T s ) and soil moisture (⌽). The soil respiration rate increases exponentially as a function of soil temperature. This relationship is parameterized by means of a "Q 10 " formulation:
.
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In this formula, Q 10 is set to a spatially and temporally constant value of 2.0, which results in a temperature factor that doubles the soil respiration rate with every 10°C increase in soil temperature. Soil respiration decreases linearly as a function of soil moisture in either direction from the optimal soil moisture value that occurs at 65% saturation. Below 30% saturation, soil respiration occurs at a constant rate equal to 20% of its optimal rate.
Under perpetual preindustrial conditions [with atmospheric CO 2 held fixed at 280 ppmv and prescribed croplands from Ramankutty and Foley (1999) : Prentice et al. 2001) , though this simulated NPP occurs for preindustrial CO 2 conditions, whereas present-day observations correspond to present-day CO 2 . While it is not clear to what extent historical increases in atmospheric CO 2 have increased NPP, and observational estimates of global NPP themselves carry substantial uncertainty, it is also possible that the model is overestimating equilibrium vegetation productivity.
The equilibrium climatology of the UVic ESCM coupled to MOSES and TRIFFID is presented and discussed in Meissner et al. (2003) . In particular, Meissner et al. (2003) noted warm biases over northern Asia and northeast North America, which lead to a too northerly tree line. The model is also subject an overall wet bias, with precipitation on the order of 20% too high on the global average. It is likely that the model's estimate of vegetation productivity reflects these temperature and moisture biases; in particular, too much precipitation leads to wetter soil moisture conditions in the model and may significantly reduce the soil moisture constraint on photosynthesis.
Total simulated above-ground storage of carbon (vegetation biomass) is close to 800 GtC; storage of carbon in the soil totals 1050 GtC. The vegetation carbon store simulated by the model is about 25% higher than current estimates (650 GtC; Saugier et al. 2001) , while simulated soil carbon is less than available estimates (1550 GtC; Prentice et al. 2001; Saugier et al. 2001) . These discrepancies between simulated and observed carbon stocks could be linked to a number of factors that are not adequately represented in the present simulations: 1) though anthropogenic land cover changes are specified in these simulations, only croplands are accounted for, resulting in an underrepresentation of the actual extent of terrestrial vegetation modified by human activities; 2) the effects of natural disturbances (such as fires and insect outbreaks) on total vegetation carbon stores may not be sufficiently represented in the vegetation model; 3) too much vegetation carbon follows from an overestimate of NPP as discussed above; 4) river fluxes of carbon from terrestrial stores to the ocean are not included; 5) a single 1-m soil layer would not be expected to capture the full extent of carbon in a realistic soil profile; and 6) peatlands, which represent a large portion of estimated global soil carbon stores, are not included in the soil carbon model.
The terrestrial carbon cycle is combined in this model with an inorganic ocean carbon cycle, based on the Ocean Model Intercomparison Project (OCMIP) implementation (Orr et al. 1991) . The model simulates dissolved inorganic carbon (DIC) as a passive tracer in the ocean, as well as carbon fluxes between the ocean and the atmosphere. The flux of CO 2 across the air-sea interface is calculated as a function of the CO 2 gradient between the atmosphere and the surface layer of the ocean as follows:
where k w is the transfer velocity, calculated as a function of sea surface temperatures, wind speed, and sea ice coverage (Weaver et al. 2001; Ewen et al. 2004) . The equilibrium inorganic carbon storage in the ocean totals 31 000 GtC. As this total does not include dissolved organic carbon, or particulate organic/inorganic carbon, it would be expected that the model would fall short of the full 38 000 GtC estimate given in Prentice et al. (2001) . At present, the global carbon cycle represented in the UVic ESCM does not include a biological ocean component. This is consistent with the assumption of a constant biological carbon cycle in the ocean that is not sensitive to anthropogenic emissions of atmospheric carbon dioxide. This view is supported by the following statement from Houghton et al. (2001, p. 199) : "Despite the importance of biological processes for the ocean's natural carbon cycle, current thinking maintains that the oceanic uptake of anthropogenic CO 2 is primarily a physically and chemically controlled process superimposed on a biologically driven carbon cycle that is close to steady state. This differs from the situation on land. . . ." In other words, it can be assumed that the biological ocean carbon cycle does not play a dominant role in the uptake of anthropogenic carbon. As such, the transient response of the carbon cycle to anthropogenic perturbations can be investigated by focusing on inorganic carbon in the ocean and on the dynamics of the terrestrial biosphere.
In a transient simulation, this global carbon cycle model allows atmospheric CO 2 to be computed prognostically as a function of ocean-atmosphere and landatmosphere carbon fluxes, as well as specified anthropogenic emissions. The net flux of carbon to the atmosphere at each model time step (in ppmv s
Ϫ1
) is calculated as
where E (ff) and E (lcc) are the anthropogenic emissions of carbon from fossil fuel combustion and land cover change; F (ocean) is as in Eq. (4) and F (land) is the land carbon flux, or the net ecosystem productivity (NEP), calculated as the difference between NPP and R H . The factor 2.1 represents the conversion from units of GtC s Ϫ1 to ppmv s
. This number is calculated based on the molecular volume of an ideal gas and an assumed 8.5-km atmospheric scale height and is consistent with the conversion factor used by other models (see, e.g., Berthelot et al. 2002) .
Experimental description
In this study, transient runs were performed from 1750 to 2100, forced by observed and projected anthropogenic carbon dioxide emissions. For the historical period (1750-2000), CO 2 emissions from combustion of fossil fuels were taken from Marland et al. (2002) ; landuse emissions were specified for the period from 1850 to 2000 from Houghton (2003a) . From 1750 to 1850, emissions from land cover change were linearly interpolated from zero at 1750 to the 1850 value corresponding to the first year in the Houghton (2003a) dataset.
Historical methane emissions were prescribed (Stern and Kaufmann 1998) and allowed to decay to carbon dioxide with an atmospheric lifetime of 8.4 yr, providing a small additional source of carbon dioxide from anthropogenic activities. There was no direct radiative forcing applied from methane on the climate system, other than that which results from the formation of CO 2 . Consumption of methane in the soil and methane loss to the stratosphere were omitted, although these have been estimated to constitute only about 10% of the total sink for anthropogenic methane (Prather et al. 2001) .
From 2000 to 2100, fossil fuel and land cover change emissions were specified from scenarios A1B, A1T, A1F1, A2, B1, and B2 of the IPCC Special Report on Emissions Scenarios (SRES; Nakićenović et al. 2000) . Emissions from the six scenarios, as well as for the historical period, are shown in Fig. 1 . As a result of a discrepancy between land-use emissions given in the SRES scenarios at the year 2000 and year 2000 emissions estimated by Houghton (2003a) , the land-use emissions from each of the SRES scenarios were scaled up so as to be consistent with the Houghton (2003a) dataset. In doing this, the SRES land-use emissions were increased slightly, but the emission trends through-out the twenty-first century were preserved. All transient model runs presented here began from an equilibrium simulation with atmospheric CO 2 set to 280 ppmv.
Present-day croplands from Ramankutty and Foley (1999) were prescribed onto this equilibrium climate and were held fixed throughout the transient simulations; this was done so that historical land-use CO 2 emissions did not duplicate carbon already stored in the terrestrial biosphere. Land-use CO 2 emissions were also included in the specified SRES emissions, and this may in some cases have led to a duplication of carbon in the model. This duplication is small; however, as in all scenarios, land-use changes are projected to decline over the next century with the result that cumulative land-use emissions are less than 10% of those from fossil fuel combustion (Nakićenović et al. 2000) .
The simulations discussed in the following sections are listed in Table 1 . The historical portion of all simulations (years 1750-2000) were forced by observed emissions as discussed above. Table 1 lists the emissions scenario used for the years 2000-2100, as well as any modifications to the standard coupled model simulations carried out for the purposes of sensitivity analyses. The results of the historical portion of the six SRES simulations (runs 1-6) are presented and discussed in section 4a. Results for the twenty-first-century portions of simulations 1-6 are presented in section 4b(1). Variants on the standard A2 scenario (runs 7-10) are outlined and discussed in section 4b(2). Figure 2 shows modeled atmospheric carbon dioxide and temperature compared to data from Etheridge et al. (1998) and Keeling et al. (2003a,b) for CO 2 and Folland et al. (2001) for temperature. The model does a very good job of reproducing historical CO 2 concentrations, reaching 366 ppmv at the year 2000 (compared to the observed 368 ppmv). Particularly in the latter portion of the twentieth century, the observed CO 2 increase is well reproduced, with most of the model-data discrepancy occurring prior to 1950. Of the simulated 86-ppmv CO 2 increase from preindustrial conditions to present day, about 30 ppmv can be attributed to emissions from historical land-use change (Matthews et al. 2004) . Decay of anthropogenic methane accounted for a small additional source of CO 2 , contributing 3-4 ppmv of atmospheric CO 2 increase. It is possible that some of the early model-data discrepancy could be related to an underspecification of land-use emissions prior to 1850 (see, e.g., Ruddiman 2003) . Additionally, the effects of climate warming on natural disturbances, such as fire, were not included in the model; these could have potentially important effects on the carbon budget that would not have been captured here.
Results and discussion

a. Twentieth century
Simulated temperature in Fig. 2 shows a good agreement with data, although the interannual variability is not captured on account of the reduced complexity of the atmosphere component of the model. Decadalscale variability, such as the warming in the early part of the twentieth century followed by slight cooling, is also not seen in this simulation. This lower-frequency variability is thought to be largely the result of natural climate forcings such as solar insolation changes and volcanic activity (Stott et al. 2000 (Stott et al. , 2001 ; Matthews et al. 2004), which were not included in the current simulations. It is possible that inclusion of these climate forcings would also improve the simulation of atmospheric CO 2 in the early part of the century, as this would allow for a more accurate response of CO 2 to changes in climate via climate-carbon cycle feedbacks (discussed further in section 4b(2). Figure 3 shows the modeled accumulation of carbon in ocean and terrestrial sinks from 1850 to 2000. From 1850 to 1998, vegetation carbon increased by 72 GtC and soil carbon by 63 GtC, giving a total land carbon increase of 135 GtC. Specified emissions from land-use change (Houghton 2003a ) totaled 152 GtC, yielding a net carbon source of 17 GtC over this time period. This is quite consistent with the estimate of a 26 Ϯ 60 GtC source given in Bolin et al. (2000) . Ocean carbon from 1850 to 1998 increased by 132 GtC; this leaves an accumulation of 170 GtC in the atmosphere, slightly less than but within the error bounds of the Bolin et al. (2000) figure of 176 Ϯ 10 GtC.
In Fig. 4 , we show the globally averaged annual terrestrial carbon flux (NEP, in GtC yr
Ϫ1
) as a function of time from 1850 to 2000 (dashed line). This plot shows that the terrestrial carbon cycle did take up carbon throughout the model simulation, although the strength of the sink increased notably after 1950, reaching 2.7 GtC yr Ϫ1 by the year 2000. Also shown on this plot are the specified land-use emissions (dotted line) and the sum of emissions and uptake (solid line). This latter line represents the net terrestrial carbon flux, or the net biome productivity (NBP). For most of the simulation, when land-use emissions are included, the terrestrial biosphere acted as a net source of carbon. Around 1970, however, terrestrial uptake exceeded emissions from land-use change, and the terrestrial biosphere became a net carbon sink. This pattern is consistent with that seen in simulations using terrestrial ecosystem models forced offline by observed CO 2 , land use, and climate changes (McGuire et al. 2001; Levy et al. 2004) . Deconvolution analyses of ice core CO 2 records have also revealed similar magnitudes and temporal progression of net terrestrial carbon fluxes, though the transition from a net land source to a net land sink has been found to occur slightly earlier at around 1950 (Joos et al. 1999; Trudinger et al. 2002) .
It is important to note that the mechanism of terrestrial carbon uptake in the UVic model (as well as in most other terrestrial ecosystem models) is enhanced vegetation productivity and hence NPP resulting from increased atmospheric CO 2 (i.e., CO 2 fertilization). While there is considerable uncertainty as to the longterm effect of elevated CO 2 on plant growth and terrestrial carbon sequestration, and as such it is difficult to validate this result against observations, there is new evidence to suggest that changes in other climate variables may also be contributing to increased NPP. Nemani et al. (2003) , in a recent analysis of satellite records of vegetation characteristics over the period from 1982 to 1999, estimated that global annual NPP has increased by 3.42 GtC over the 18-yr period studied and argued that almost 40% of the estimated NPP increase could be attributed to the direct effects of climate changes (such as changes in temperature, soil moisture, and cloud cover), with the remainder likely resulting from changes in land use, vegetation distributions, and growth fertilization. While the UVic model simulated a similar global annual NPP increase over this period (3.68 GtC yr Ϫ1 ), the effect of CO 2 fertilization was by far the dominant effect. When modeled CO 2 increases were prevented from affecting vegetation growth in the model (this scenario is discussed further in the following section), climatic changes alone led to an increase in NPP in extratropical forests and a decrease in NPP in the Tropics, with very little change in the global average.
Uptake by the ocean and terrestrial biosphere for the 1980s and 1990s, as well as from 1850 to 1998, is summarized in Table 2 and compared to the values given in Bolin et al. (2000) , Plattner et al. (2002) , and Houghton (2003a) . The values simulated by the model for atmospheric carbon increase, ocean uptake, terrestrial uptake, and the net terrestrial flux (calculated as the sum of simulated uptake and specified land-use emissions) are all very close to the estimates for the 1980s and 1990s, as well as for the period from 1850 to 1998 as discussed above. This does suggest that despite substantial uncertainties in the mechanisms of terrestrial carbon sequestration, the UVic model does a good job of reproducing the observed behavior of global carbon sinks.
b. Twenty-first century
1) SRES SCENARIO RESULTS
Six SRES emissions scenarios were used to force the model from the year 2000 to 2100, generating a range of model responses to future climate change scenarios. Simulated atmospheric CO 2 and temperature changes from these six runs are shown in Fig. 5 . Simulated atmospheric CO 2 at the year 2100 ranged from 500 (B1 scenario) to 885 ppmv (A1F1 scenario). Temperature increases over the twenty-first century ranged from 1.4°t o 3.0°C. These numbers are in general agreement with those presented in Houghton et al. (2001) , which were based on simulations using simplified models of climate and the carbon cycle. The CO 2 increases simulated by the UVic model are on the lower end of the range of results obtained from this same set of emission scenarios (500 to 1250 ppmv at the year 2100; Prentice et al. 2001 ). The simulated warming over the twenty-first century is also at the low end of the range reported in Houghton et al. (2001) (1.4°to 5.8°C); this is a direct consequence of simulated CO 2 levels, given that the UVic model's climate sensitivity is close to the average of the range of climate models discussed in Houghton et al. (2001) .
Vegetation and soil carbon increases for the same series of model runs are shown in Fig. 6 . All model scenarios showed a smooth increase in vegetation and soil carbon, with vegetation carbon increasing by 135 to 230 GtC and soil carbon by 110 to 200 GtC over the twenty-first century. Total land and ocean carbon uptake (shown in Fig. 7 ) ranged from 245 to 430 GtC and from 370 to 650 GtC, respectively. If specified land-use emissions are included in the land totals, the net land carbon increase (based on NBP rather than NEP) is reduced to a range of 235-335 GtC for the six ) and modeled totals for 1850 to 1998 (in GtC) compared to estimates given in the IPCC special report (Bolin et al. 2000) , updated where available for the 1980s and 1990s by Plattner et al. (2002) and Houghton (2003a model runs. It is interesting to note that for the early part of the twenty-first century, land and ocean carbon sinks increased at a very similar rate and contributed approximately equally to the total sequestration of anthropogenic carbon. After 2050, however, the behavior of the land and ocean carbon sinks began to diverge: both continued to take up carbon in response to anthropogenic emissions, but the land biosphere showed signs of saturation, and the resulting cumulative land uptake amounts at the year 2100 were notably lower than those for the ocean. This saturation is a sign of the diminishing effectiveness of CO 2 fertilization at high CO 2 values in the model, as well as temperature-driven increases in soil and plant respiration. The temporal evolution of the terrestrial carbon flux (NEP, in GtC yr Ϫ1 ) for the six SRES scenario runs is shown in Fig. 8 . In all six cases, the terrestrial biosphere remained a sink for carbon throughout the model run, although the transient behavior of this sink was dependant on the specific scenario that was employed. In cases where CO 2 emissions increased throughout the model run (scenarios A2 and B2; see Fig. 1 ), the terrestrial carbon sink remained much stronger than in cases where CO 2 emissions declined in the second half of the century (scenarios A1B, A1T, A1F1, and B1). In these latter cases, the flux of carbon into the terrestrial biosphere decreased substantially toward the end of the simulation, and it is evident that this flux would have reached zero (the transition point from a terrestrial carbon source to a sink) within another several decades of model simulation. Though all simulations showed a weakening of the terrestrial carbon sink in the latter half of the twenty-first century, in no case did the terrestrial carbon cycle model simulate a transition from a sink to a source within the twenty-first century. The results presented in this section are generally consistent with previous coupled climate-carbon cycle simulations of the twenty-first century (Cox et al. 2000; Dufresne et al. 2002) . It is surprising, however, that our results are different from those of Cox et al. (2000) in several important ways, given that the UVic and Hadley Centre models share common dynamic vegetation and terrestrial carbon cycle components. The striking result of Cox et al. (2000) was that under increasing twenty-first-century temperatures, terrestrial carbon uptake slowed dramatically, and the terrestrial biosphere became a carbon source around the middle of the century. In addition, Cox et al. (2000) simulated a dramatic dieback of South American forests as a result of hydrological feedbacks between vegetation distributions and climatic conditions in the Amazon basin. The UVic model did simulate a slowing of terrestrial uptake as a result of climate changes, but to a much lesser extent than HadCM3C. None of the model scenarios presented here showed a sink-to-source transition in the twenty-first century, as seen in Cox et al. (2000) . We also did not see a decrease in Amazonian forests, but rather an increase in carbon sequestration throughout South America. Despite the commonalities between the UVic model and the model used by Cox et al. (2000) , our simulations more closely resemble those of Dufresne et al. (2002) .
In the next section, we address the question of why the UVic model results diverge from those of Cox et al. (2000) . We focus on the magnitude of the carbon cycle feedback to climate seen in these simulations and compare our results to those of Cox et al. (2000) and Dufresne et al. (2002) . We then analyze the UVic results following the method of Friedlingstein et al. (2003) , showing the sensitivity of carbon uptake in the UVic model to changes in atmospheric CO 2 and temperature. As one potentially important difference between the UVic model and HadCM3C is our respective climate sensitivities, we present an analysis of the effect of increased warming in the UVic model on the magnitude of the carbon cycle feedback to climate. Finally, we propose a mechanism that could explain the differences between our results and those of Cox et al. (2000) based on regional differences in simulated temperature and precipitation changes over the twenty-first century.
2) CARBON CYCLE-CLIMATE FEEDBACKS
In this section, we introduce several new model runs using the SRES A2 scenario to assess the magnitude of carbon cycle-climate feedbacks in the UVic model. The first is an "uncoupled climate" simulation, whereby changes in the carbon cycle and atmospheric CO 2 did not affect the model-simulated climate (run 7 in Table  1 ). In this simulation, the carbon cycle responded to anthropogenic CO 2 emissions under constant preindustrial climate conditions. The results of this simulation reflect a scenario in which there were no feedbacks between the carbon cycle and climate and can be compared directly to similar runs carried out by Cox et al. (2000) and Dufresne et al. (2002) . Second, modeled increases in atmospheric CO 2 were uncoupled from the terrestrial carbon cycle component of the model, which was instead forced by constant preindustrial atmospheric CO 2 (run 8 in Table 1 ). This "uncoupled CO 2 " simulation resulted in a modeled CO 2 increase in the absence of the beneficial effects of CO 2 fertilization on terrestrial carbon uptake. Figure 9 shows the simulated atmospheric CO 2 from these two model runs (dashed and dotted black lines) compared to the standard A2 model run, as presented in the previous section (solid black line). The difference in simulated atmospheric CO 2 at the year 2100 between the uncoupled climate run and the standard model run was only about 60 ppmv, indicating a fairly weak positive carbon cycle-climate feedback in our model. The difference between the uncoupled CO 2 run and the standard A2 run was notably larger: around a 250-ppmv difference in CO 2 at the year 2100. Given the present uncertainty regarding the long-term effects of elevated CO 2 on plant growth and consequent terrestrial carbon sequestration, this simulation can be viewed as an upper bound for the evolution of twenty-first-century atmospheric CO 2 in the absence of CO 2 -induced drawdown by terrestrial ecosystems. Also shown in this figure are the cumulative carbon emissions from the A2 scenario (solid gray line): this represents the atmospheric CO 2 concentration that would result in the absence of uptake by both land and ocean carbon sinks.
Again, the differences between the results seen in the UVic model and those reported in Cox et al. (2000) are striking. In their coupled climate-carbon cycle experiment, atmospheric CO 2 at the year 2100 was 250 ppmv higher than in their uncoupled climate simulation. For the same set of model simulations, the UVic model simulated a 60-ppmv CO 2 difference, which is more consistent with the 75-ppmv CO 2 difference simulated by the IPSL model . This is again surprising given the commonalities between the UVic carbon cycle model and the HadCM3C model used by Cox et al. (2000) . Friedlingstein et al. (2003) attempted to explain the differences between the Hadley and IPSL simulations by comparing the sensitivities of land and ocean carbon uptake in the two models to changes in atmospheric CO 2 and temperature. In Fig. 10 , we show these sensitivities for the UVic model. Figures 10a,b show the simulated ocean and land uptake as a function of atmospheric CO 2 for the uncoupled climate model run. This shows the sensitivity of carbon uptake to CO 2 in the absence of temperature change. Comparing these plots to Fig. 3 in Friedlingstein et al. (2003) , it is apparent that the effect of CO 2 increases on land uptake in the UVic model is virtually identical to that of the Hadley model, as would be expected given that we use the FIG. 9 . Simulated atmospheric CO 2 from 2000 to 2100, forced by the SRES A2 scenario emissions. The standard A2 scenario run (solid black line) is compared to a run with constant climate (uncoupled climate run: dotted black line) and constant atmospheric CO 2 (uncoupled CO 2 run: dashed black line). The solid gray line is the case in which there is no uptake by either land or ocean carbon sinks.
same terrestrial vegetation models. The sensitivity of ocean uptake to CO 2 , however, is much more consistent with the IPSL model; both the UVic and IPSL models simulated a cumulative ocean uptake of around 650 GtC at 700 ppmv CO 2 , compared to only about 400 GtC in HadCM3C.
This last result explains why the UVic and Hadley uncoupled climate runs are very similar, despite the fact that we used the A2 emissions scenario, which specifies higher CO 2 emissions throughout the twenty-first century than the IS92a scenario used by Cox et al. [2000;  also noted as a difference between the IPSL and HadCM3C results in Friedlingstein et al. (2003) ]. Differences in ocean uptake in the absence of climate change do not explain, however, the differences in the simulated magnitudes of the carbon cycle-climate feedback. To assess the effect of temperature increases on land and ocean carbon uptake, Friedlingstein et al. (2003) plotted the changes in carbon uptake between the uncoupled climate and fully coupled model runs as a function of modeled global temperature. As simulated CO 2 in the fully coupled model runs was higher than in the uncoupled climate simulations, carbon uptake in the fully coupled runs was first corrected based on the uncoupled uptake sensitivity to CO 2 (see Friedlingstein et al. 2003) .
The effect of temperature on ocean and land uptake in the UVic model is shown in Figs. 10c,d [these are equivalent to Fig. 5 in Friedlingstein et al. (2003) ]. The effect of temperature changes led to a 115-GtC de- FIG. 10 . Sensitivity of (a) ocean and (b) land carbon uptake to atmospheric CO 2 increases with constant climate (uncoupled climate run) and sensitivity of (c) ocean and (d) land carbon uptake to changes in global temperature (coupled run compared to uncoupled climate run). crease in ocean uptake over the course of the model simulation. This result is not very different from the decreases in ocean carbon uptake seen in either the IPSL model (Ϫ100 GtC) or the Hadley model (Ϫ125 GtC). The effect of temperature changes led to a 200-GtC decrease in land uptake in the UVic model, indicating that the land carbon cycle provided a larger contribution to the carbon cycle-climate feedback than the ocean did. This decrease is slightly less than that seen in the IPSL model (Ϫ300 GtC) and much less than that seen in the HadCM3C model (Ϫ1000 GtC). As was also concluded by Friedlingstein et al. (2003) , while the response of the ocean to changes in climate does contribute to the positive feedback between the carbon cycle and climate, it is the response of land uptake to climate changes that largely determines the differences in feedback magnitudes seen in the two models. Friedlingstein et al. (2003) , however, concluded that the differences between the Hadley and IPSL terrestrial uptake sensitivities to climate change could be largely attributed to differences in the terrestrial carbon cycle components used by the two models. This conclusion is not supported by the present study, as the differences between the UVic and Hadley model results are equally large despite the use of a common terrestrial carbon cycle model.
The differences between the UVic and Hadley results must therefore be explained by differences in simulated climate changes between the two models. It is notable that Cox et al. (2000) overestimated twentieth-century warming (they simulated a 1.4°C increase from 1860 to 2000) as a result of the inclusion of non-CO 2 greenhouse gas warming. In addition, Cox et al. (2000) simulated a twenty-first-century global temperature increase of 4°C, compared to the UVic A2 scenario temperature increase of 2.6°C. While the higher temperatures simulated by the HadCM3C model are an obvious consequence of higher atmospheric CO 2 , a higher modeled temperature response to a given CO 2 concentration (the model's climate sensitivity) would also amplify the strength of carbon cycle-climate feedbacks and increase both simulated atmospheric CO 2 and temperature. To test to what extent differences in model forcings and climate sensitivity can reconcile the UVic and HadCM3C model results, we introduce two new simulations (runs 9 and 10 in Table 1 ): the first included non-CO 2 greenhouse forcing as was done in Cox et al. (2000) ; the second further incorporated an increased climate response to CO 2 [by modifying the CO 2 increase used to calculate CO 2 forcing in Eq. (1)], with the result that the UVic model's climate sensitivity to doubled CO 2 was increased from 3°C in the standard model configuration to 4.5°C.
Simulated temperature and atmospheric CO 2 from these two model runs are shown in Fig. 11 and are compared to the standard A2 run (dotted line) and the uncoupled climate run discussed above (solid line). As can be seen in Fig. 11a , including non-CO 2 greenhouse gas forcing increased twenty-first-century warming by 0.7°C (dashed line); further increasing the model's climate sensitivity generated an additional 0.85°C temperature increase (dotted-dashed line). Coupled with this temperature increase was an increase in simulated atmospheric CO 2 at the year 2100 from 794 ppmv in the standard A2 run to 826 ppmv when non-CO 2 greenhouse gas forcing was included, and to 877 ppmv when climate sensitivity was also increased. Comparing this last result to the uncoupled climate run results in a 140-ppmv CO 2 difference at the year 2100 that can be attributed to the carbon cycle-climate positive feedback. This feedback is still substantially smaller than the 250-ppmv difference simulated by Cox et al. (2000) .
Furthermore, as can be seen in Fig. 12 , while both of these two runs showed reduced terrestrial carbon uptake compared to the standard A2 run (also shown in FIG. 11 . Modeled (a) temperature and (b) atmospheric CO 2 changes from 2000 to 2100. The standard A2 scenario run (dotted line) is compared to a run that includes non-CO 2 greenhouse gas forcing (dashed line) and a run that includes both non-CO 2 greenhouse gas forcing and increased climate sensitivity (dotteddashed line). The solid black line is the uncoupled climate run; a small warming is evident in this run due to biogeophysical vegetation feedbacks. Fig. 8 ), neither resulted in a sink-to-source transition during the twenty-first century, as was found by Cox et al. (2000) . It is also worth noting that in the increased climate sensitivity model run, the UVic model simulated a 4°C warming over the twenty-first century, which is consistent with the warming simulated by the Hadley model over the same period. However, this warming occurred in connection with a smaller CO 2 increase, indicating that the UVic model's climate sensitivity in this run exceeds the climate sensitivity of HadCM3C. We conclude from this that differences in climate sensitivities between the UVic and Hadley models can account for some difference in the strength of simulated carbon cycle feedbacks but cannot fully reconcile the results from the two models.
The remaining differences between the results presented in this paper and those of Cox et al. (2000) must lie in differences in simulated climate variables other than globally averaged temperature. It was noted in the previous section that the UVic model did not simulate a dieback of South American forests as was seen in Cox et al. (2000) . Dufresne et al. (2002) also did not simulate this dieback, although the IPSL model does not include vegetation dynamics, as do the UVic and Hadley models. Cox et al. (2000) attributed this forest decline to a combination of warming and drying in the Amazon basin, a conclusion that was supported by a recent analysis of Amazon forest stability (Cowling et al. 2004) . It seems likely that such a substantial climatically induced decrease in vegetation productivity would play a critical role in reducing global NEP to the point where the terrestrial biosphere as a whole could become a carbon source.
It is not at all clear, however, to what extent future climate changes are likely to affect vegetation productivity, given the possibility of simultaneous changes in vegetation cover, soil water availability, temperature, and atmospheric CO 2 . Using a coupled atmospherevegetation model, Levis et al. (2000) found that the combined effects of climate warming and CO 2 increases resulted in slightly more arid conditions globally, though there was substantial regional variation in this result. In the Tropics, evapotranspiration and precipitation were both found to decrease because of an increased plant water-use efficiency under elevated CO 2 and consequent reduction in moisture recycling, leading to a small decrease in soil moisture. However, vegetation also expanded because of the effect of CO 2 fertilization, which intensified the hydrological cycle and increased soil moisture (Levis et al. 2000) . This study illustrated the substantial regional variation in the effect of climate changes on terrestrial vegetation processes.
The UVic model did simulate precipitation decreases over most land areas associated with an increase in vegetation water-use efficiency (shown in Fig. 13a ), though these changes were not sufficient to decrease vegetation productivity, as occurred in Cox et al. (2000) . In HadCM3C, precipitation over the Amazon basin, for example, decreased by as much as 3 mm day Ϫ1 between 2000 and 2100 Cox et al. 2004) ; the corresponding decrease simulated by the UVic model was only about 250 mm yr Ϫ1 , or less than 1 mm day Ϫ1 . In particular, simulated precipitation decreases over the Amazon basin in the UVic model did not result in decreases in soil moisture (Fig. 13b) , which would be necessary to push Amazon forests into a drought regime. Correspondingly, terrestrial NPP increased throughout the Tropics between 2000 and 2100 ( Fig.  13c) , indicating that increased CO 2 fertilization of vegetation growth overwhelmed any constraints on NPP due to climate changes.
As shown in Fig. 12 , NEP in the UVic model plateaued around the year 2050 and declined toward the end of the model simulation. This pattern indicates that the rate at which NPP increases in the model slowed in the latter half of the twenty-first century, largely as a result of the diminishing effect of CO 2 fertilization at high CO 2 concentrations. Additionally, heterotrophic soil respiration increases exponentially as a function of temperature, and a declining NEP indicates that increases in soil respiration exceeded increases in NPP over this period. Figures 14a,b show the spatial distribution of NEP changes in the model from 2000 to 2050 and from 2050 to 2100, respectively. From 2000 to 2050, NEP increased virtually everywhere in the model, consistent with the global trend shown in Fig. 12 . From 2050 to 2100, the NEP trend in the Tropics was reversed, indicating a declining terrestrial sink in these regions. Though NEP declines in the latter half of the twenty-first century, it remained predominantly positive (Fig. 14c) , indicating continued terrestrial carbon uptake.
In the Hadley simulations, NEP began to decline early in the twenty-first century and reached zero around 2050, at which point vegetation and soil carbon pools began to lose carbon to the atmosphere. Decreasing NPP occurred as a result of declines in vegetation productivity from increased moisture stress and increasing plant respiration at high temperatures. Declines in vegetation productivity resulted in a decreased transfer of carbon through litterfall to the soil carbon pool, and in combination with temperature-enhanced soil respiration, this led to a large decrease in soil carbon (Cox et al. 2000 . In the UVic model, global vegetation carbon increased throughout the model simulations (as implied by the continued land carbon uptake shown in Figs. 12 and 14c) . As a result, carbon transfer through litterfall to soil carbon pools also increased, and the continued flux of carbon from vegetation to soil exceeded any temperature-driven soil respiration increases, leading to a continued soil carbon increase throughout the model simulation. The fact that the UVic model did not simulate large climatically induced vegetation productivity decreases necessitated a continued land carbon sink throughout the twenty-first century.
An important difference between the UVic and Hadley models lies in their respective atmospheric components: the UVic ESCM has a simplified energy/moisture balance atmosphere, whereas HadCM3C includes a full atmospheric general circulation model. In the UVic model, present-day winds are specified in the atmosphere, and these (along with diffusion) are responsible for atmospheric moisture transport. As specified winds were held constant throughout the model simulation, there is a reduced ability in the UVic model to simulate large changes in moisture transport in the atmosphere as a function of climate changes. In addition, the UVic model does not include internal atmospheric dynamics, which could likely influence the regional distribution of climate changes in the future. It is possible, for example, that a warming climate could induce a shift to a more El Niño-like climate regime in the tropical Pacific, which would encourage drying in the Amazonian basin. This process has been identified as a dominant contributor to the Amazonian drying simulated by HadCM3C Betts et al. 2004) ; without ENSO dynamics, the UVic model could not be expected to reproduce this result. Furthermore, the UVic model's overall wet bias may have resulted in too much soil moisture in the Tropics, and this could partly explain why there was no increase in the soil moisture constraint on photosynthesis in the model despite small decreases in precipitation. The simplifications inherent in the UVic model, however, do not invalidate the primary conclusion that differences in simulated regional climate changes are central to the future behavior of the terrestrial carbon sink.
It is important to note also that the differences in modeled climatic conditions between the UVic and HadCM3C models are not simply a consequence of the reduced complexity of the UVic ESCM's atmosphere. Different general circulation models project widely varying climate conditions for the twenty-first century (Houghton et al. 2001) , and in particular, the shift toward El Niño conditions and Amazonian drying observed in HadCM3C is by no means common to all models ). As such, it would stand to reason that the response of terrestrial vegetation to climate changes would vary substantially depending on the climate model used. A recent study by Cramer et al. (2004) Cox et al. (2000) , indicating that this result is independent of the specific vegetation model used. However, this result was not reproduced when the LPJ model was forced by output from the other three climate models, and in two cases, Amazon forests increased in response to twenty-first-century climate changes. It can be concluded that the response of terrestrial vegetation to climate changes is highly sensitive to regional variation in simulated temperature and precipitation changes. The simulated vegetation response in the UVic model is well within the range of the results reported in Cramer et al. (2004) .
Conclusions
This paper introduces the UVic ESCM as coupled interactively to a global carbon cycle model. In section 4a, we presented the results of model simulations of the twentieth century, forced by observed anthropogenic emissions from fossil fuel combustion and land cover change. These results are consistent with observational and model-based evidence of the behavior of the global carbon cycle over the past two decades and provide specific information from a modeling perspective on the ability of the terrestrial biosphere to take up anthropogenic CO 2 . Furthermore, the UVic model was able to reproduce historical patterns of atmospheric CO 2 accumulation without the use of a biological ocean carbon cycle. This finding suggests that the assumption of a constant biological ocean carbon cycle that does not play a large role in the uptake of anthropogenic CO 2 is a reasonable one to make in this study.
The results presented in section 4b(1) expand upon those presented in studies by Cox et al. (2000) and Dufresne et al. (2002) , describing the behavior of the carbon cycle in the coming century. Under six SRES projections of future CO 2 emissions, the UVic model generated a range of climate scenarios showing continued increases in both land and ocean carbon sinks throughout the twenty-first century. In particular, all simulations showed a sustained terrestrial carbon sink, although the evolution of annual terrestrial fluxes did vary between scenarios. However, analysis of the net land carbon uptake did highlight a weakening of the terrestrial carbon sink in all simulations toward the end of the twenty-first century.
Although we used the same vegetation model and a very similar land surface model as Cox et al. (2000) , our results are quite different; in particular, we were unable to reproduce the dieback of Amazonian forests or the terrestrial carbon sink-to-source transition seen in the twenty-first century in Cox et al.'s (2000) simulations. The UVic model did simulate a positive feedback between the carbon cycle and climate, much of which can be attributed to declining terrestrial carbon uptake under increased global temperatures. This result is consistent with both Cox et al. (2000) and Dufresne et al. (2002) , although the magnitude of the positive feedback in the UVic model is closer to that found by Dufresne et al. (2002) . We showed that including non-CO 2 greenhouse gas forcing [as done by Cox et al. (2000) ] and increasing the UVic model's climate sensitivity did increase the strength of this feedback, but we were nevertheless unable to reproduce the magnitude of the feedback found by Cox et al. (2000) . Based on these results, we argue that the primary reason for the disparity with Cox et al.'s (2000) findings lies in the differences in model-simulated climate change over the coming century. In particular, we contend that large reductions in terrestrial productivity [as exemplified by the Amazon dieback in Cox et al.'s (2000) simulations] would be necessary to enable a terrestrial carbon sinkto-source transition in the coming century.
While the behavior of the global carbon cycle in the coming century remains a subject open to debate, modeling studies are beginning to illuminate some of the outstanding areas of uncertainty in projections of future climate change. The results presented here suggest that the terrestrial biosphere will continue to maintain a prominent role in the climate system and has the potential to mitigate the effects of human-induced climate change. Given this result, it is vital that all attempts are made to preserve the ability of the terrestrial biosphere to absorb anthropogenic CO 2 by reducing the destructive influence of human activities on biological ecosystems around the world.
